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Introduction {#sec1}
============

Plants are constantly challenged with various environmental stresses during their life cycle. Therefore, plants have evolved effective stress-responsive mechanisms to tailor growth and development to match their immediate environment. Phytohormone-mediated signaling mechanisms coordinate a myriad of physiological processes to regulate growth and development in response to exogenous signals \[[@bib1], [@bib2]\]. Brassinosteroids (BRs) are a major class of plant-specific steroid hormones that modulate a variety of physiological processes from seed development to flowering and senescence \[[@bib3], [@bib4], [@bib5]\]. BRs are perceived by plants by direct binding of the hormone to a membrane receptor kinase, BRI1 (brassinosteroid insensitive 1), that initiates a signal transduction cascade involving a series of phosphorylation and dephosphorylation steps. Initially, the binding of BRs causes the recruitment of the co-receptor kinase, BAK1 (BRI1-associated kinase 1), to BRI1 \[[@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11]\]. Upon receptor BAK1-BRI1 complex formation, BRI1 phosphorylates BSK1 (BRI1 substrate kinase 1) and CDG1 (constitutive differential growth 1), which in turn, bind to and phosphorylate BSU1 (BRI1 suppressor 1) kinase \[[@bib12], [@bib13], [@bib14]\]. BSU1 then inactivates BIN2, a GSK3-like kinase, by dephosphorylating a conserved tyrosine residue within this protein \[[@bib15]\]. In absence or low levels of BRs, BIN2 is predominantly dephosphorylated and activated to phosphorylate two homologous transcription factors, BZR1 and BES1, and cause their cytoplasmic retention, where they are targeted for degradation by proteasome \[[@bib16], [@bib17], [@bib18], [@bib19]\]. In the presence of BRs, BIN2 is inactivated by BSU1 and degraded by the proteasome \[[@bib20]\]. BZR1 and BES1 are then dephosphorylated by a protein phosphatase PP2A \[[@bib21]\] and move into the nucleus, where they bind to promoters of target genes, leading to the expression of the BR-regulated genes that enact physiological responses in plants \[[@bib22], [@bib23], [@bib24], [@bib25]\]. Evidence to date indicates that, after perception of BRs, the inactivation of BIN2 that targets BZR1/BES1 transcription factors remains the major point of regulation in BR signaling. However, little is known of the critical steps that facilitate BIN2 interaction with these transcription factors that ultimately determines BR signaling in plants.

Posttranslational modification of the proteome has been established as a critical step in the rapid reprogramming of cellular signaling during biotic and abiotic stresses. Modification of proteins by small ubiquitin-like modifier (SUMO) is emerging as an important mechanism to swiftly refocus molecular pathways during plants' stress signaling \[[@bib26], [@bib27]\]. SUMO is synthesized as an inactive precursor and requires SUMO proteases to cleave the C-terminal tail to form mature SUMO. This occurs by exposure of a di-glycine motif, where target attachment occurs in a series of enzymatic reactions very similar to ubiquitination, which includes activation, conjugation, and ligation \[[@bib28], [@bib29], [@bib30]\]. Upon covalent conjugation to target proteins, SUMO affects protein-protein interactions, subcellular localization, and stability of target proteins \[[@bib31], [@bib32]\]. In the BR pathway, SUMOylation of the basic-helix-loop-helix (bHLH) transcription factor CESTA regulates plant development by coordinating CESTA stability and nuclear localization \[[@bib33]\]. Nevertheless, SUMO conjugation to target proteins in plants is largely observed only upon environmental stress; therefore, we postulate that SUMO may provide the environmental input to modulate BR responses, but how this may be achieved is not known. SUMOylation is reversible, as SUMO-specific proteases can cleave SUMO from their target proteins, thereby potentially providing adaptability to signaling pathways that respond to changing environments \[[@bib32]\].

In this study, we show that SUMOylation of BZR1 provides a conduit for environmental influence on BR signaling to modulate growth under salt stress. SUMOylation of BZR1 inhibits its interaction with BIN2. We identify the sites of SUMO modification in BZR1 and show that it is required for BZR1 protein to accumulate in the nucleus during BR signaling. *Arabidopsis* plants containing non-SUMOylatable BZR1 show impaired BR response post-salt stress, indicating that SUMOylation represents a critical step for environmental input into BR signaling. The SUMO protease ULP1a targets BZR1 for deSUMOylation in the cytoplasm. ULP1a mutants are more salt tolerant and insensitive to the BR inhibitor, BRZ. Exogenous BR treatment stimulates ULP1a degradation, therefore allowing SUMOylated BZR1 to accumulate to promote BR responses. We demonstrate that, during salt stress, ULP1a accumulates to generate deSUMOylated BZR1, which is more unstable, therefore attenuating BR-promoted growth in *Arabidopsis*. This study uncovers a new facet of BR signaling that integrates environmental conditions with plant growth and development.

Results {#sec2}
=======

ULP1a SUMO Protease Suppresses Growth during Salt Stress in *Arabidopsis* {#sec2.1}
-------------------------------------------------------------------------

In eukaryotes, posttranslational modifications, such as SUMOylation, underpin major mechanisms employed to tune physiological responses to suit environmental conditions. SUMO proteases are pivotal components of the SUMOylation cycle in plants \[[@bib26], [@bib27], [@bib34], [@bib35], [@bib36]\]. Previously, *Arabidopsis* mutant seedlings lacking SUMO proteases OTS1 and OTS2 were shown to exhibit reduced root growth in response to salt stress \[[@bib27]\], indicating a role for these SUMO proteases in promoting growth under stress. We speculated that analogous SUMO proteases might operate to repress growth during stress as part of a fine-tuning mechanism. To this end, we identified the *Arabidopsis* SUMO protease mutant, ul*p1a* \[[@bib36]\], which showed increased seedling root growth when compared to Col-0 (wild-type \[WT\]) under salt stress ([Figures 1](#fig1){ref-type="fig"}A, 1B, 1E, [S1](#mmc1){ref-type="supplementary-material"}A, and S1B). Additionally, ul*p1a* mutants had larger shoots when fresh weights were compared to WT, even on Murashige and Skoog-only plates ([Figure S1](#mmc1){ref-type="supplementary-material"}A).Figure 1ULP1a Is the SUMO Protease Required to Suppress Growth during Salt Stress in *Arabidopsis*(A) Representative image of root lengths of 12-day-old young adult plants of Col-0 and ul*p1a* grown on ½ Murashige and Skoog.(B and E) Representative image of root lengths of 12-day-old young adult plants of Col-0 and ul*p1a* grown on 100 mM NaCl (B) and quantification of relative root growth in presence of salt with respect to untreated plants (E).(C and F) Representative image of root lengths of 12-day-old young adult plants of Col-0 and ul*p1a* grown on BRZ (2 μM) medium (C) and quantification of root lengths in presence of the treatment with reference to untreated samples (F).(D and G) Representative image of root lengths of 12-day-old young adult plants of Col-0 and ul*p1a* grown on BL (1 μM) medium (D) and quantification of root lengths in presence of the treatment with reference to untreated samples (G).Scale bar, 1 cm.Error bars indicate SE (n = 20). Asterisks indicate significant differences from Col-0. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

It is known that salt stress inhibits BR signaling to repress growth \[[@bib37], [@bib38], [@bib39]\]; we wanted to ascertain whether ul*p1a* mutants were sensitive to brassinazole (BRZ) that inhibits the biosynthesis of brassinosteroids \[[@bib40]\]. Although Col-0 seedling showed reduced growth in BRZ, ul*p1a* was observed to be less sensitive to BRZ ([Figures 1](#fig1){ref-type="fig"}C, 1F, [S1](#mmc1){ref-type="supplementary-material"}C, S1F, S1H, S1K, and S1M). However, no phenotypic difference was observed in the presence of growth-promoting BL (epi-brassinolide) in any of the genotypes ([Figures 1](#fig1){ref-type="fig"}D, 1G, [S1](#mmc1){ref-type="supplementary-material"}D, S1G, S1I, S1L, and S1N). These data indicate that ULP1a has a clear role in inhibiting growth under salt stress and ULP1a influences BR signaling. We next studied the effect of the ULP1a mutation on the expression of the brassinosteroid-regulated genes. Brassinosteroid availability is known to suppress the expression of BR biosynthetic genes, such as *DWF4* and *CPD*, via BZR1 transcription factor, which provides a feedback-regulation loop to maintain homeostatic levels of BR \[[@bib24]\], whereas the availability of BRs activates the expression of many other target genes, such as *EXP8*, *PRE1*, and *PER5* \[[@bib23]\]. Quantitative RT-PCR analysis shows that ul*p1a* mutants have reduced levels of *DWF4* and *CPD* when compared to Col-0 ([Figures S1](#mmc1){ref-type="supplementary-material"}O and S1P). Additionally, ul*p1a* mutants showed an elevated level of the expression of the target genes activated by BRs ([Figures S1](#mmc1){ref-type="supplementary-material"}O and S1P). Thus, our data reveal that ULP1a plays a role in suppressing BR signaling.

ULP1a Regulates BR Signaling by Directly Targeting BZR1 for DeSUMOylation in the Cytoplasm {#sec2.2}
------------------------------------------------------------------------------------------

SUMO proteases regulate signaling pathways by promoting deconjugation of SUMO from their target substrates \[[@bib41]\]. Once establishing that ULP1a impacts BR responses, we performed *in silico* analysis of the components of the BR signaling pathway to identify potential SUMO targets and found BZR1, a positive regulator of BR-mediated growth responses, to have two putative high-confidence SUMO conjugation sites at lysines 280 and 320, which were conserved across BZR1 homologs from different plant species ([Figure S2](#mmc1){ref-type="supplementary-material"}A), indicating that ULP1a may target BZR1 for deSUMOylation as a means to regulate BR signaling. First, we wanted to ascertain whether there is any physical interaction between BZR1 and ULP1a. We performed co-immunoprecipitation experiments in *N. benthamiana* via Agrobacterium-mediated transient assays with epitope-tagged BZR1-GFP and hemagglutinin (HA)-ULP1a. Immunoblotting with anti-HA and anti-GFP antibodies showed that BZR1 co-immunoprecipitated with ULP1a ([Figure 2](#fig2){ref-type="fig"}A), indicating that BZR1-ULP1a physically interact although the non-SUMO double lysine to arginine mutant (BZR1^2K/R^-GFP) only interacted weakly. We also performed *in vitro* deSUMOylation assays to confirm that ULP1a directly targets SUMOylated BZR1 for deconjugation. Addition of purified histidine-tagged ULP1a to SUMOylated glutathione S-transferase (GST)-BZR1, purified from bacterial SUMO expression system, reduced the level of SUMOylated GST-BZR1 ([Figure 2](#fig2){ref-type="fig"}B). In order to confirm the specificity of ULP1a activity against BZR1, the catalytic site mutant of ULPa (ULP1a^C/S^), OTS1 and Desi3a SUMO proteases were also used in deSUMOylation assays ([Figure S2](#mmc1){ref-type="supplementary-material"}B). We observed that only ULP1a could deSUMOylate BZR1, confirming that BZR1 was specifically deSUMOylated by ULP1a. To validate that ULP1a directly targets SUMO-conjugated BZR1 for deSUMOylation *in vivo*, we co-expressed SUMO-HA in the presence or absence of ULP1a in *N. benthamiana* transient assays. This transient gain-of-function analysis demonstrated that ULP1a targets SUMOylated BZR1 for deSUMOylation *in planta* ([Figure 2](#fig2){ref-type="fig"}C). As ULP1a was demonstrably the SUMO protease responsible for deSUMOylation of BZR1, we wanted to ascertain whether BZR1 should be hyperSUMOylated in the absence of ULP1a. For this, we generated ~*pro*~*BZR1::BZR1:GFP* in the ul*p1a* loss-of-function mutant background and compared the SUMO levels of BZR1 in Col-0 and ul*p1a* backgrounds ([Figure S2](#mmc1){ref-type="supplementary-material"}C). As expected, we observed that BZR1 is hyperSUMOylated in ul*p1a* background, further confirming that ULP1a is the SUMO protease that targets BZR1 for deSUMOylation. As ULP1a was localized in the cytoplasm and BZR1 was known to localize in both cytoplasm and nucleus \[[@bib36], [@bib42]\], we performed confocal microscopy in *N. benthamiana* using Agrobacterium-mediated transient assays to ascertain whether the two proteins colocalize in the cytoplasm. Fluorescence analysis showed that GFP-tagged BZR1 colocalized with m-Cherry-tagged ULP1a signals in the cytoplasm ([Figure 2](#fig2){ref-type="fig"}D, upper panel). Upon BL treatment, as expected, BZR1 accumulates in the nucleus; however, strikingly, fluorescence from ULP1a-mCherry was not observed, suggesting that ULP1a is not stable in the presence of BL ([Figure 2](#fig2){ref-type="fig"}D, middle panel). Nevertheless, the leaf tissues treated with BRZ showed a strong overlap of cytoplasmic fluorescence of the two proteins ([Figure 2](#fig2){ref-type="fig"}D, lower panel). Next, we wanted to ascertain the colocalization pattern for BZR1^2K/R^-GFP with ULP1a-mCherry ([Figure S2](#mmc1){ref-type="supplementary-material"}D). Fluorescence analysis showed that BZR1 colocalizes with ULP1a in the cytoplasm ([Figure S6](#mmc1){ref-type="supplementary-material"}, upper panel). However, upon BL treatment, BZR1^2K/R^-GFP was observed in the nuclei and in the cytoplasm although the WT BZR1 was only observed in the nuclei after BL treatment ([Figure 2](#fig2){ref-type="fig"}D), suggesting that SUMO plays a role in the appropriate localization of BZR1 ([Figure S2](#mmc1){ref-type="supplementary-material"}D, middle panel). When treated with BRZ, BZR1^2K/R^-GFP showed cytoplasmic localization, as expected ([Figure S2](#mmc1){ref-type="supplementary-material"}D, lower panel). We also wanted to determine the colocalization of BZR1 and ULP1a in transgenic plants. For this, we generated stable transgenic *Arabidopsis* lines co-expressing ~*pro*~*BZR1::BZR1:GFP* and *35S::ULP1a-mCherry.* Confocal images of the transgenic seedlings show that both BZR1-GFP and ULP1a-mCherry colocalize in the cytoplasm ([Figure S2](#mmc1){ref-type="supplementary-material"}E). Intrigued by this observation and to further understand the relationship between ULP1a SUMO protease, BZR1 SUMOylation, and BR signaling, we treated 10-day-old transgenic lines expressing 35S::HA-ULP1a with BL and BRZ at different time points. BL treatment promoted the degradation of ULP1a, whereas the protein accumulates upon BRZ treatment (in the presence of cycloheximide; [Figure 2](#fig2){ref-type="fig"}E), emphasizing a strong correlation between ULP1a protein stability and thus its deSUMOylation activity on BZR1 that directly impacts BR signaling. Our data reveal ULP1a as a new component of BR signaling. Taken together, these experiments demonstrate that ULP1a, the SUMO protease localized in the cytoplasm, deconjugates SUMO from BZR1 in the cytoplasm during BL-deficient conditions.Figure 2ULP1a Targets BZR1 for DeSUMOylation(A) BZR1-GFP interacts with HA-ULP1a. *N. benthamiana* leaves transiently expressing BZR1-GFP or BZR1^2K/R^-GFP with HA-ULP1a were collected for immunoprecipitation. Subsequently, total protein was subjected to immunoprecipitation with anti-GFP immunoaffinity beads (IP: αGFP) followed by immunoblot analysis with anti-HA (IB: αHA) antibodies to detect HA-ULP1a and αGFP (IB: αGFP) antibodies to detect BZR1-GFP. Total protein of all samples was probed with anti-HA antibody to determine ULP1a protein levels (HA-ULP1a input). GFP was used as a negative control.(B) ULP1a is a bona fide SUMO protease that deSUMOylates BZR1 *in vitro*. High-molecular-weight conjugates of His-SUMO1-modified, GST-tagged BZR1 were formed by incubating purified SUMO E1 (SAE1 and 2) and E2 (SCE1) with BZR1-GST in the presence or absence of His-ULP1a and subsequently immunoblotted with anti-SUMO1 (αSUMO1) (upper panel) to detect SUMO chains, anti-His (αHis) (middle panel) to detect His-ULP1a, and anti-GST (αGST) to detect BZR1-GST (lower panel).(C) *N. benthamiana* leaves transiently expressing BZR1-GFP and SUMO-HA with or without HA-ULP1a were collected for immunoprecipitation. Subsequently, total protein was subjected to immunoprecipitation with αGFP immunoaffinity beads (IP: αGFP) followed by immunoblot analysis with αSUMO1 (IB: αSUMO1) antibodies to detect HA-SUMO and αGFP (IB: αGFP) antibodies to detect BZR1-GFP. Equal amounts of HA-ULP1A protein were ascertained by probing with anti-HA antibodies. GFP was used as a negative control.(D) ULP1a colocalizes with BZR1 in the cytoplasm. *N. benthamiana* leaves co-infiltrated with ULP1a-mCherry and BZR1-GFP were analyzed for fluorescence after 3 days. Before imaging, the leaves were infiltrated with 1 μM BL or 2 μM BRZ and incubated for 1 h to see the effect of the treatments. Images were obtained using confocal laser scanning microscope Carl Zeiss Airyscan 880. Scale bar, 20 μm.(E) The accumulation of ULP1a protein is affected by brassinosteroid availability. 10-day-old *35S::ULP1a-HA* transgenic *Arabidopsis* seedlings were treated with a combination of 200 μM cycloheximide + 1 μM BL or 2 μM BRZ. Total proteins extracted at indicated time points were immunoblotted with anti-HA (IB: αHA) antibody.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Brassinosteroids Promote BZR1 SUMOylation and Accumulation {#sec2.3}
----------------------------------------------------------

To investigate whether BR signaling promoted SUMOylation of BZR1, we treated the 16-day-old dark grown ~*pro*~*BZR1::BZR1:GFP* seedling with brassinolide to determine the SUMO status of BZR1 using anti-SUMO1 antibodies \[[@bib43]\]. We observed an increase in the pool of SUMOylated BZR1 protein with comparable amount of protein upon treatment with BL ([Figure 3](#fig3){ref-type="fig"}A), whereas BRZ treatment stimulated the deSUMOylation of BZR1 protein within 1 h of BRZ treatment ([Figure 3](#fig3){ref-type="fig"}B), which coincided with the accumulation of ULP1a ([Figure 2](#fig2){ref-type="fig"}E). Our data indicate that BR treatment promotes the rapid SUMOylation of BZR1 although inhibiting BR signaling triggers BZR1 deSUMOylation by increasing the abundance of ULP1a SUMO protease.Figure 3Brassinosteroids Promote BZR1 SUMOylation and ULP1a Degradation(A) BL induces BZR1 SUMOylation. Immunoprecipitation (IP:αGFP) experiments were carried out with αGFP beads from total proteins derived from transgenic lines expressing ~*pro*~*BZR1::BZR1-GFP* in Col-0 background after treatment with 1 μM BL at time points of 0, 30, and 60 min. Immunoblots were probed with αGFP (IB: αGFP) or αSUMO1/2 (IB: αSUMO1) antibodies.(B) BRZ inhibits SUMOylation of BZR1. Immunoprecipitation (IP: αGFP) experiments were carried out with αGFP beads from total proteins derived from transgenic lines expressing ~*pro*~*BZR1::BZR1-GFP* in Col-0 background after treatment with 2 μM BRZ at time points of 0, 30, and 60 min. Immunoblots were probed with αGFP (IB: αGFP) or αSUMO1/2 (IB: αSUMO1) antibodies.(C) BZR1 is SUMOylated *in planta*. Transiently co-expressed BZR1-GFP or BZR1^2K/R^-GFP transiently co-expressed with SUMO1-HA in leaves of *N. benthamiana* is shown. Immunoprecipitation (IP: αGFP) experiments were carried out with αGFP beads from total protein derived from these leaves. Immunoblots were probed with αGFP (IB: αGFP) or αSUMO1/2 (IB: αSUMO1) antibodies. GFP was used as a negative control.(D) BZR1 is SUMOylated in stable *Arabidopsis* transgenic lines. Immunoprecipitation (IP: αGFP) experiments were carried out with αGFP beads from total protein derived from transgenic lines expressing ~*pro*~*BZR1::BZR1-GFP* or ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* in Col-0 background. Immunoblots were probed with αGFP (IB: αGFP) or αSUMO1/2 (IB: αSUMO1) antibodies. See also [Figure S3](#mmc1){ref-type="supplementary-material"}.(E and F) BL does not induce the accumulation of BZR1^2K/R^. 10-day-old transgenic *Arabidopsis* seedlings carrying ~*pro*~*BZR1::BZR1-GFP* or ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* were treated with a combination of 200 μM cycloheximide + 1 μM BL (E) or 2 μM BRZ (F), and total proteins extracted at indicated time points were immunoblotted with αGFP (IB: αGFP) antibody. Ponceau staining for Rubisco levels was used as a loading control.See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Transient assays in *N. benthamiana* leaves followed by immunoblot analysis with anti-SUMO1 antibodies \[[@bib27]\] revealed that 35S promoter-driven, GFP-tagged BZR1 (35S::BZR1:GFP) is conjugated to *At*SUMO1, but the non-SUMO mutant (35S::BZR1^2K/R^-GFP) is not ([Figure 3](#fig3){ref-type="fig"}C), validating the hypothesis that these conserved lysines are the sites for SUMO conjugation to BZR1 protein. Immunoblot analysis with anti-SUMO1 antibodies after immunoprecipitating own promoter-driven BZR1/BZR1^2K/R^ from *Arabidopsis* transgenic plants confirmed this finding ([Figure 3](#fig3){ref-type="fig"}D). To rule out transcriptional variation between the different transgenic lines, the mRNA levels of the WT and SUMO variants of BZR fusion proteins were ascertained to be comparable ([Figure S3](#mmc1){ref-type="supplementary-material"}A).

We also performed immunoblot analysis to study the effect of SUMOylation on the stability of BZR1 protein upon BL and BRZ treatment. As a result of the BL treatment, there was a gradual increase in the levels of dephosphorylated BZR1, whereas the phosphorylated BZR1 did not accumulate at different time points ([Figures 3](#fig3){ref-type="fig"}E and [S3](#mmc1){ref-type="supplementary-material"}B). The SUMO-deficient form of BZR1 (BZR1^2K/R^) did not show any difference between the change in the intensities of the dephosphorylated and the phosphorylated forms of BZR1 after 15 min of BL treatment ([Figures 3](#fig3){ref-type="fig"}E and [S3](#mmc1){ref-type="supplementary-material"}B). On the other hand, treatment with BR inhibitor BRZ caused a rapid degradation of non-SUMO BZR1^2K/R^-GFP protein levels compared to WT BZR1-GFP ([Figure 3](#fig3){ref-type="fig"}F). These data strongly indicate that SUMOylation plays an important role in BZR1 protein accumulation.

SUMOylated BZR1 Promotes Plant Growth {#sec2.4}
-------------------------------------

To determine the physiological effect of SUMOylation on BZR1, we used two independent transgenic lines that express BZR1 and BZR1^2K/R^ with comparable level of transcripts under the control of the native promoter in Col-0 to first examine hypocotyl elongation in the dark and seedling root growth in the light under BL and BRZ treatment. All the dark-grown transgenic seedlings showed similar hypocotyl elongation compared to Col-0 seedlings in Murashige and Skoog media as well as in the presence of BL ([Figures 4](#fig4){ref-type="fig"}A and 4C). Similarly, no phenotypic differences were observed in light in either condition ([Figures S4](#mmc1){ref-type="supplementary-material"}A and S4C). However, the hypocotyl elongation growth of *BZR1*^*2K/R*^ transgenic lines was significantly inhibited in the presence of the BR inhibitor BRZ, unlike Col-0 and *BZR1* WT transgenic lines or the dominant positive *bzr1-1D* mutant ([Figure 4](#fig4){ref-type="fig"}B). We observed a similar inhibition of hypocotyl elongation in light grown seedlings of *BZR1*^*2K/R*^ transgenic lines in BRZ ([Figure S4](#mmc1){ref-type="supplementary-material"}B). We further investigated whether BR-mediated root growth is modulated by SUMO conjugation to BZR1. We analyzed root growth using the same transgenic lines in response to BRZ and BL in the medium and observed a clear association of SUMOylation of BZR1 and increased root growth. Plant carrying a non-SUMOylatable mutant of BZR1 showed reduced root growth compared to WT BZR1, Col-0, or the dominant positive mutant *bzr1-1D*, even in Murashige and Skoog-only media, indicating that SUMOylation of BZR1 is required to promote normal root growth ([Figure 4](#fig4){ref-type="fig"}F). In the presence of BRZ, *BZR1*^*2K/R*^ transgenic seedling roots show similar growth inhibition compared to the other genotypes ([Figure 4](#fig4){ref-type="fig"}I). However, after BL treatment, *BZR1*^*2K/R*^ seedlings show lesser root sensitivity (as measured by the ratio of root growth inhibition in Murashige and Skoog versus BL treatment; [Figure 4](#fig4){ref-type="fig"}J). Because higher concentrations of BR (used in the experiment) have an inhibitory effect on root growth \[[@bib14]\], resistance of *BZR1*^*2K/R*^ roots to BL indicate defective BR signaling in the SUMO-deficient BZR1 seedlings.Figure 4SUMOylated BZR1 Promotes BR-Mediated Plant Growth(A) Representative image of hypocotyl lengths of 6-day-old seedlings of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1::BZR1-GFP*, and transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* grown on ½ Murashige and Skoog.(B and C) Representative image of hypocotyl lengths of 6-day-old seedlings of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1::BZR1-GFP*, and transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* grown on BRZ (2 μM) (B) and BL (1 μM) (C) medium, respectively.(D and E) Quantification of the ratio of hypocotyl lengths of BRZ treated (D) and BL treated (E) with reference to untreated seedlings in the dark.(F) Representative image of root lengths of 12-day-old young adult plants of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1::BZR1-GFP*, and transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* grown on ½ Murashige and Skoog.(G and H) Representative image of root lengths of 12-day-old young adult plants of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1::BZR1-GFP*, and transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* grown on BRZ (2 μM) (G) and BL (1 μM) medium (H), respectively.(I and J) Quantification of the ratio of root growth of BRZ treated (D) and BL treated (E) with reference to untreated plants.Scale bar, 1 cm.Error bars indicate SE (n = 20). Asterisks indicate significant differences from Col-0. See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

Surprisingly, ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* transgenic seedlings in the Col-0 background showed inhibited root growth phenotype, suggesting that BZR1^2K/R^-GFP was acting in a dominant-negative manner. Therefore, we wanted to ascertain the activity of the endogenous BZR1 levels in these lines by analyzing the expression levels of the downstream target genes of the BZR1 transcription factor. We analyzed the expression levels of fourteen of the target genes for BL signaling from the RNAs isolated from Col-0, *bzr1-1D*, ~*pro*~*BZR1::BZR1-GFP*, and ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* transgenic lines after treatment with Murashige and Skoog, BL, or BRZ. To investigate the extent of BZR1 SUMOylation, we examined by quantitative real-time PCR the responses of transgenics expressing the WT BZR1 and SUMO-deficient BZR1 under the own promoter to BRZ and BL treatment. We interrogated the transcript levels of different downstream target genes from seedlings treated with 2 μM BRZ and 1 μM of BL along with untreated seedlings. As shown in [Figure S4](#mmc1){ref-type="supplementary-material"}, BL treatment of SUMO-deficient own promoter BZR1 plants is unable to efficiently regulate the transcription of BR-responsive target genes compared to Col-0 (WT) and own promoter WT BZR1 lines. These data indicate that ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* transgene is acting in a dominant manner to affect endogenous BZR1 activity.

SUMOylation of BZR1 Modulates Its Nucleocytoplasmic Distribution {#sec2.5}
----------------------------------------------------------------

To test whether SUMOylation affected BZR1 localization in transgenic plants, we analyzed native promoter-driven BZR1-GFP (~*pro*~*BZR1::BZR1-*GFP) and non-SUMO BZR1^2K/R^-GFP (~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP*) localization pattern in roots treated with BL or BRZ. We treated the transgenic seedlings with BL (100 nM), and this caused an expected significant increase in the nuclear levels of WT BZR1 and a corresponding decrease in its cytoplasmic localization in the cells of the transition-elongation zone of roots at different time points (0--60 min). However, we did not observe any clear effect on the ratio of nuclear/cytoplasmic localization of non-SUMOylatable BZR1^2K/R^-GFP ([Figures 5](#fig5){ref-type="fig"}A--5H), confirming our earlier transient assay findings. Quantification of the nuclear-to-cytoplasmic (N/C) ratio of BZR1-GFP showed a gradient of protein level increase along the root developmental zones, but no significant change was observed in the ratio for BZR1^2K/R^-GFP ([Figures 5](#fig5){ref-type="fig"}I--5L). In contrast, following BRZ treatment (2 μM), the reduction in the nuclear localization of non-SUMO BZR1^2K/R^:GFP was considerably faster than WT BZR1-GFP in all cell types but particularly in the cells of transition-elongation zone ([Figures S5](#mmc1){ref-type="supplementary-material"}A--S5I). These data indicated that SUMOylation plays a key role in enabling BZR1 to locate to the plant nuclei after BL treatment.Figure 5BL-Induced Nuclear Import of BZR1 Is Enhanced by SUMO(A--D) Confocal images of 4-day-old transgenic ~*pro*~*BZR1::BZR1-GFP* seedlings at 0 (A), 15 (B), 30 (C), and 60 (D) min of treatment with 100 nM BL.(E--H) Confocal images of 4-day-old transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* seedlings at 0 (E), 15 (F), 30 (G), and 60 (H) min of treatment with 100 nM BL.(I--L) Nuclear/cytoplasm (N/C) ratios of the GFP signals from root tip region to elongation zone of the roots at 0- (I), 15- (J), 30- (K), and 60-min (L) time points after treated with 100 nM BL.Error bars indicate SE (n = 20). Asterisks indicate significant differences from Col-0. See also [Figure S5](#mmc1){ref-type="supplementary-material"}.

SUMOylation of BZR1 Inhibits BIN2 Interaction {#sec2.6}
---------------------------------------------

To understand the mechanistic basis of how SUMOylation of BZR1 mediates BR signaling under hormone-limiting conditions, we examined whether this posttranslational modification affected BZR1 association with its known cellular interacting partners. Because SUMOylation is critical for BZR1 stability and BZR1 abundance is known to be affected by its interaction with the GSK3-like kinase BIN2, we examined whether SUMO inhibits BIN2-BZR1 interaction. Therefore, to examine this possibility, we used Agrobacterium-mediated transient assays in *N. benthamiana* to express BZR1:GFP or BZR1^2K/R^-GFP with HA-BIN2. Immunoprecipitation with anti-GFP beads to pull down BZR1 fusion proteins showed that more BIN2 is pulled down with non-SUMOylatable BZR1^2K/R^-GFP ([Figure 6](#fig6){ref-type="fig"}A) compared to BZR1-GFP. To further strengthen our finding, GST pull-down assays indicated that incubating His-tagged BIN2 and GST-tagged BZR1 in the presence of the SUMO E1 and E2 that promoted SUMOylation of BZR1 reduced BIN2 interaction ([Figure 6](#fig6){ref-type="fig"}B). These data confirmed that SUMOylation of BZR1 negatively regulates its interaction with BIN2.Figure 6SUMOylation of BZR1 Interferes with Its Interaction with BIN2(A) BZR1^2K/R^-GFP interacts strongly with BIN2 compared to BZR1-GFP. *N. benthamiana* leaves transiently expressing BZR1-GFP or BZR1^2K/R^-GFP with HA-BIN2 were collected for immunoprecipitation. Subsequently, total protein was subjected to immunoprecipitation with αGFP immunoaffinity beads (IP: αGFP) followed by immunoblot analysis with αHA (IB: αHA) antibodies to detect HA-BIN2 and αGFP (IB: αGFP) antibodies to detect BZR1-GFP. GFP was used as a negative control.(B) SUMO inhibits the interaction of BZR1-BIN2. BZR1-GST mixed with and without His-SUMO1 was incubated with His-BIN2 and pulled down with BZR1-GST. The eluates were probed with αHis to detect His-BIN2 or αGST to detect BZR1-GST or antibodies or αSUMO1 to detect the SUMO levels of BZR1.

Salt Stress Promotes DeSUMOylation of BZR1 to Arrest Growth {#sec2.7}
-----------------------------------------------------------

Because our data indicated that SUMOylation of BZR1 plays a novel role in disrupting BZR1-BIN2 interaction, we sought to understand whether this mechanism underpinned growth control during stress.

To test this hypothesis, we ascertained the SUMOylation status of BZR1 after salt treatment using anti-SUMO1 antibodies. As expected, we observed reduced levels of SUMO-conjugated BZR1 with an increasing time frame after salt treatment with barely detectable SUMOylated BZR1 levels after 4 h of salt treatment with comparable amounts of proteins ([Figure 7](#fig7){ref-type="fig"}A), thus confirming that salt stress causes deSUMOylation of BZR1. We also monitored the level of ULP1a protein in response to salt treatment. We found that the levels of ULP1a protein increased after 2 h of salt treatment. Taken together with the evidence that ULP1a interacts with BZR1, our data indicate that accumulation of ULP1a SUMO protease promotes the deSUMOylation of BZR1 to suppress BR signaling during salt stress ([Figures 7](#fig7){ref-type="fig"}B and 7C).Figure 7Salt Stress Promotes DeSUMOylation of BZR1 to Arrest Growth(A) NaCl inhibits SUMOylation of BZR1. Immunoprecipitation (IP: αGFP) experiments were carried out with αGFP beads from total proteins derived from transgenic lines expressing ~*pro*~*BZR1::BZR1-GFP* in Col-0 background after treatment with 100 mM NaCl at time points of 0, 2, and 4 h. Immunoblots were probed with αGFP (IB: αGFP) or αSUMO1/2 (IB: αSUMO1) antibodies.(B) NaCl causes accumulation of ULP1a protein. 10-day-old *Arabidopsis* seedlings expressing *35S::ULP1a-HA* were treated with a combination of 200 μM cycloheximide and 100 mM NaCl, and total proteins extracted at indicated time points were immunoblotted with αHA (IB: αHA) antibody. Ponceau staining for Rubisco was used to ascertain total protein loading in each lane.(C) Quantification of (B) using ImageJ software.(D) Representative image and quantification of root lengths of 12-day-old young adult plants of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1::BZR1-GFP*, and transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* grown on ½ Murashige and Skoog. Scale bar, 1 cm.(E) Representative image and quantification of root lengths of 12-day-old young adult plants of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1:BZR1-GFP*, and transgenic ~*pro*~*BZR1:BZR1*^*2K/R*^*-GFP* grown on ½ Murashige and Skoog with 100 mM NaCl. Scale bar, 1 cm.(F) Representative image and quantification of root lengths of 12-day-old young adult plants of Col-0, *bzr1-1D*, transgenic ~*pro*~*BZR1::BZR1-GFP*, and transgenic ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* grown on ½ Murashige and Skoog with NaCl for 6 days and were then moved to ½ Murashige and Skoog with 1 μM BL for the next 6 days. Scale bar, 1 cm.(G) BZR1 and ULP1a colocalize in the cytoplasm during salt stress. *N. benthamiana* leaves co-infiltrated with Agrobacterium carrying ULP1a-mCherry and BZR1-GFP were analyzed for fluorescence after 3 days. Before imaging, the leaves were infiltrated with 100 mM NaCl and incubated for 2 h to see the effect of the treatments. Images were obtained using confocal laser scanning microscope Carl Zeiss Airyscan 880. Scale bar, 20 μm.(H) A model for the influence of SUMO on BR signaling. BZR1 gets deSUMOylated by ULP1a in response to abiotic stress, hence preventing its nuclear import and disrupting the signaling pathway. In absence of stress and availability of BL, BZR1 is SUMOylated as ULP1a does not accumulate. The SUMOylated BZR1 has reduced interaction with BIN2, which itself gets inhibited by the upstream BL signaling components, and hence, BZR1 moves into the nucleus and promotes the expression of BR-responsive genes, whereas during salt stress, ULP1a accumulates, causing deSUMOylation of BZR1 to cause increased interaction with BIN2 and hence phosphorylation and subsequent degradation of BZR1. As a result of deSUMOylation, the nuclear import of BZR1 is hindered, thus inhibiting the expression of BR-responsive genes.Error bars indicate SE (n = 20). Asterisks indicate significant differences from Col-0. See also [Figure S6](#mmc1){ref-type="supplementary-material"}.

To gain more insight into the role of BZR1 SUMOylation and its role during abiotic stress, we then extended our study to analyze root growth in presence of salt of 12-day-old transgenic lines of own promoter BZR1-GFP (~*pro*~*BZR1::BZR1-*GFP) and non-SUMOylatable BZR1^2K/R^-GFP (~*pro*~*BZR1::BZR1*^*2K/R*^*-*GFP) and compared them to Col-0 and the dominant positive mutant *bzr1-1D*. We did not notice any significant difference in root growth inhibition among the genotypes in salt, but the non-SUMOylatable BZR1^2K/R^-GFP lines did exhibit reduced root growth in Murashige and Skoog media without salt ([Figures 7](#fig7){ref-type="fig"}D and 7E). This could probably be because WT BZR1 is deSUMOylated in the presence of salt, as would be the case in *BZR1*^*2K/R*^*-GFP* lines, and hence exhibiting similar reduced root growth phenotypes. Recently, application of exogenous BRs was shown to aid plants to recover growth after salt stress \[[@bib41], [@bib42]\]. We next grew seedlings of the various genotypes on 100 mM NaCl for 6 days and then transferred them to plates with BL for another 6 days. Transgenic WT *BZR1-GFP* seedlings showed an increase in root length similar to Col-0 and *bzr1-1D*; however, seedlings expressing the non-SUMOylatable *BZR1*^*2K/R*^*-GFP* failed to show any significant recovery of root growth ([Figure 7](#fig7){ref-type="fig"}F), indicating that, even in the presence of BL, recovery of growth after stress is SUMO dependent. Quantification of the fresh weights of the plants in different treatments also confirmed the above observation ([Figure S6](#mmc1){ref-type="supplementary-material"}). Furthermore, colocalization experiments with BZR1-GFP and ULP1a-mCherry transiently co-expressed in *N. benthamiana* showed BZR1 and ULP1a colocalized after salt treatment ([Figure 7](#fig7){ref-type="fig"}G). These data support our previous finding that ULP1a accumulates in the cytoplasm during salt stress. Taken together, we conclude that the increased abundance of ULP1a in the cytoplasm causes deSUMOylation of BZR1, affecting its stability and preventing its nuclear import, leading to growth repression during salt stress.

Discussion {#sec3}
==========

Brassinosteroids are steroid hormones required for the regulation of a variety of physiological processes from cellular expansion and proliferation to developmental programs, leading to morphogenesis. BR signaling is dependent on a series of phosphorylation events to modulate the function of BZR1/BES1 transcription factors that regulate the expression of BR-responsive genes. In this study, we demonstrate that SUMO conjugation to BZR1 provides a new mechanism to regulate BR signaling to tailor plant growth and development to its environment. Our data demonstrate that SUMOylation inhibits interaction between BZR1 and the kinase, BIN2. Phosphorylation by BIN2 is critical for BZR1 degradation and BR signaling \[[@bib18], [@bib19], [@bib40]\]. Non-SUMOylatable BZR1 has greater retention in the cytoplasm, interacts more with BIN2, and is less stable; therefore, our data indicate that the major effect of SUMOylation is to prevent BZR1 from being a substrate for BIN2 kinase. Given the importance of BZR1 and the conservation of the identified SUMO sites across plant species, our data place SUMO at the core of BR signaling. An intriguing observation of generating non-SUMO forms of BZR1 (BZR1^2K/R^) is the dominant effects of BZR1^2K/R^ on seedling growth when expressed in the genetic background that contains a WT BZR1. It has been recently reported that phosphorylated BZR1 has a higher tendency to dimerize with non-phosphorylated BZR1 and thus can trap the non-phosphorylated BZR1 to form a dimer \[[@bib16]\] for co-degradation. Because the non-SUMO BZR1^2K/R^ has a higher tendency to interact with the BIN2 kinase, we postulate that it traps the endogenous WT BZR1 by dimerization, thus affecting WT BZR1 activity, resulting in altered levels of gene expression and the short hypocotyl phenotype for ~*pro*~*BZR1::*BZR1^2K/R^-GFP transgenic lines in the Col-0 background. Our data also establish a critical effect of salt stress on BR signaling through BZR1 SUMOylation. Upon salt stress, BZR1 is rapidly deSUMOylated, therefore allowing greater interaction with BIN2 and consequently faster degradation of BZR1 to inhibit growth. This effect is even more pronounced when seedlings are transferred from salt-containing plates to plates supplemented with exogenous BL that should stimulate growth. However, plants expressing non-SUMO BZR1^2K/R^ are less able to stimulate growth than WT Col-0, indicating that SUMOylation of BZR1 is a prerequisite for growth, even in the presence of brassinosteroids. The data therefore reveal a mechanism whereby environmental cues, such as salt stress, can impinge on BR-mediated growth through SUMO status of BZR1. In addition, we also discover the significance of SUMO protease that regulates the nucleocytoplasmic localization through deconjugation of SUMO from its target protein BZR1. DeSUMOylation of BZR1 abolishes its ability to translocate from cytoplasm to nucleus ([Figure 5](#fig5){ref-type="fig"}).

Plant deSUMOylating proteases belonging to the ULP gene family, extensively studied in *Arabidopsis*, are assumed to contain eight ULPs. It is most likely that specificity is imparted by deSUMOylating enzymes rather than by SUMO-conjugating enzymes, especially after the discovery of a new class of SUMO protease family, Desi SUMO protease in plants \[[@bib33]\]. As the ULPs are involved in stress resistance, they could provide a possible target for the generation of high-yielding, stress-resistant crops. This raises an interesting concern in regards to their specificity within the SUMO system. Furthermore, our data identify ULP1a SUMO protease as a new component of BR signaling pathway. We found that SUMO protease ULP1a is localized in the cytoplasm, where it targets BZR1 for deSUMOylation and thereby acts as a negative regulator of BR signaling ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Salt stress induces the accumulation of ULP1a and therefore stimulates the deSUMOylation of BZR1 although BR signaling triggers ULP1a degradation and promotes BZR1 SUMOylation ([Figure 7](#fig7){ref-type="fig"}H). Our evidence places ULP1a as the conduit to environmental regulation of BR signaling in plants.

Plant SUMO proteases are emerging as key components of multiple signaling pathways \[[@bib27], [@bib33], [@bib34], [@bib43], [@bib44]\]. The expansion of the SUMO protease gene family rather than the SUMO E3 ligase family in plants has given rise to the notion that the specificity within the SUMO system arises from the deconjugation part of the SUMO cycle. Nevertheless, thousands of SUMO substrates have been identified with only tens of SUMO proteases annotated in plant genomes; therefore, it is likely that each SUMO protease targets multiple substrates.

We have recently identified a number of targets for different SUMO proteases that occur in different subcellular localizations. Overlay tolerant to Salt1/2 (OTS1/2) is localized in the nucleus and is known to target DELLA proteins to regulate plant growth through a (gibberellic acid) GA-independent mechanism \[[@bib40]\]. OTS SUMO proteases are also known to modulate salicylic acid (SA)- and jasmonic acid (JA)-mediated defense response in *Arabidopsis* \[[@bib34], [@bib45]\]. Recently, we have shown the significance of OTS1/2 in hydropatterning and lateral root adaptive responses in plants \[[@bib26]\]. We have also identified a novel class of cytoplasmic and membrane-localized SUMO proteases known as Desi SUMO proteases \[[@bib33]\]. A member of this SUMO protease Desi3a plays a significant role in targeting the bacterial immune receptor, FLS2, to suppress inappropriate immune responses, which has implications for BR signaling through the BAK1 co-receptor. This evidence indicates that the subcellular localization of these SUMO proteases may have a critical role in its substrate selectivity.

Our data suggest that, to fully realize the impact of the SUMO system in plants, it will be important to understand the intersections of the core SUMO system with their cognate targets, such as in the case for ULP1a and BZR1. Furthermore, generating non-SUMO versions of target substrates should yield new insight into molecular pathways that may be utilized in the future to boost crop productivity under stress in a changing climate.

STAR★Methods {#sec5}
============

Key Resources Table {#sec5.1}
-------------------

REAGENT or RESOURCESSOURCEIDENTIFIER**Antibodies**GFP-TrapChromotekCat\# GFP-Trap-MARabbit Polyclonal anti-SUMO1 antibody\[[@bib27]\]N/ARabbit Monoclonal anti-GFP antibodyAbcamCat\#Ab6556; RRID: [AB_305564](nif-antibody:AB_305564){#interref30}Monoclonal anti-HA antibodyRocheCat\#118674223001; RRID: [AB_390918](nif-antibody:AB_390918){#interref35}Mouse Monoclonal anti-His antibodySigma AldrichCat\#H1029; RRID: [AB_2687993](nif-antibody:AB_2687993){#interref40}Rat Monoclonal anti-GST antibodySigma AldrichCat\#SAB4200055; RRID: [AB_10603625](nif-antibody:AB_10603625){#interref45}Goat anti-rabbit IgG-HRP secondary antibodySigma-AldrichCat\#A0545; RRID: [AB_2279879](nif-antibody:AB_2279879){#interref50}Goat anti-mouse IgG-HRP secondary antibodySigma-AldrichCat\#A9917; RRID: [AB_954556](nif-antibody:AB_954556){#interref55}Rabbit anti-rat IgG-HRP secondary antibodySigma-AldrichCat\#A5795; RRID: [AB_956022](nif-antibody:AB_956022){#interref60}**Bacterial Strains***Escherichia coli* DH5αNEBCat \#C2987K*Escherichia coli* BL 21NEBCat \#C2530H*Agrobacterium tumefaciens* (strain GV3101)N/AN/A**Chemicals**Murashige and Skoog Basal MediumDuchefaCat\#M0233AgarMelfordCat\#A20250LB-AgarMelfordCat\#L24033BASTASigma-AldrichCat\#45520IPTGSigma-AldrichCat\#I6758Glutathione Sepharose 4BGE Healthcare17-0969-01CycloheximideSigma-AldrichCat\#C4859RNeasy KitQIAGENCat\#74904Ponceau SSigma-AldrichCat\#P7170-1LAcrylamide/Bis-acrylamide, 30% solutionSigma-AldrichCat\#A3699Ammonium persulfateSigma-AldrichCat\#A3678N,N,N,N-TetramethylethylenediamineSigma-AldrichCat\#T9281Magnesium chloride hexahydrateMerckCat\#105833GlycerolMerckCat\#104098cOmplete, EDTA-free Protease Inhibitor CocktailRocheCat\#46931320012-mercaptoethanolSigma-AldrichCat\#M3148DTTMalfordCat\#D11000**Critical Commercial Assay**RNeasy Plant Mini KitQIAGENCat\#74904SYBR GreenSigma-AldrichSuperScript III Reverse TranscriptaseThermo FisherCat\#18080093Zymoclean Gel DNA RecoveryZymo researchCat\#D4007ZymoPURE II Plasmid KitsZymo researchCat\#D4201**Experimental Models***Arabidopsis* ots1 ots2\[[@bib27]\]N/A*Arabidopsis* ulp1aThis StudyN/A*Arabidopsis* bzr1-1DThis StudyN/A*Arabidopsis* 35S::BZR1-GFPThis StudyN/A*Arabidopsis* 35S::BZR1K280/320R-GFPThis StudyN/A*Arabidopsis* proBZR1::BZR1-GFPThis StudyN/A*Arabidopsis* proBZR1::BZR1K280/320R-GFPThis StudyN/A*Arabidopsis* 35S::ULP1-HAThis StudyN/A**Oligonucleotides**Primers are listed in [Table S1](#mmc1){ref-type="supplementary-material"}This StudyN/A**Constructs**Constructs used are listed in [Table S2](#mmc1){ref-type="supplementary-material"}**Software and Algorithms**ImageJNIH, USA<http://rsb.info.nih.gov/ij>GraphPad Prism6Graph Pad Software<https://www.graphpad.com>

Lead Contact and Materials Availability {#sec5.2}
---------------------------------------

Prof. Ari Sadanandom, Department of Biosciences, Durham University DH1 3LE UK

Phone: +44 (0) 191 33 41263

E-mail: <ari.sadanandom@durham.ac.uk>

This study did not generate new unique reagents. The transgenics generated in the study are available from the lead contact on request.

Experimental Model and Subject Details {#sec5.3}
--------------------------------------

The wild-type *Arabidopsis* ecotype used in this study was Columbia-0 (Col). All the mutants and transgenic plants were in the Col-0 background. Adult plants were grown in soil under long day condition (16 hr light/8 hr night) at 22°C.

Method Details {#sec5.4}
--------------

### Plant Materials and Growth Conditions {#sec5.4.1}

*Arabidopsis thaliana* ecotype Columbia (Col-0) was used as the wild-type control plants. *Arabidopsis* plants used in this study were grown in environmentally controlled growth chambers as one plant per pot at 20--21°C with a 16h photoperiod for generating and progressing transgenics. For growing on plates, Murashige and Skoog (MS) medium (Duchefa) with 1% agar was used and plants were grown at 22°C with a 16h photoperiod. The T-DNA SALK lines were obtained from the Nottingham *Arabidopsis* Stock Centre. The mutant lines used in this study are: *bzr1-1D ulp1a* (SAIL_318_C01).

### Plasmid Construction and Plant Transformation {#sec5.4.2}

All the constructs were generated by GATEWAY Cloning Technology. To generate the *BZR1*-GFP, HA-*BIN2*, HA-*ULP1a* and *ULP1a-*mCherry constructs, the corresponding cDNA fragments were PCR-amplified and cloned into pENTR D-TOPO vector. By recombination all genes were moved to their final vector indicated in Table S2. For generating ~*pro*~*BZR1::BZR1-GFP*, BZR1 promoter has been fused with CDS of *BZR1* gene and cloned in pMDC107 vector ([Table S2](#mmc1){ref-type="supplementary-material"}). To generate transgenic plants Col-0 plants were transformed with either ~*pro*~*BZR1::BZR1-GFP*, or ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP*, constructs using *Agrobacterium*-mediated floral dip method. The primers used to generate the transgenics are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

### Site Directed Mutagenesis {#sec5.4.3}

Mutated versions of BZR1 was generated by site-directed mutagenesis using the pENTR/D-TOPO clones as template. Oligonucleotide primers used to introduce the mutations are listed in [Table S1](#mmc1){ref-type="supplementary-material"}. The introduction of mutations was confirmed by sequencing, performed both before and after introduction of the mutated BZR1 coding sequences into pMDC107 destination vectors using LR Clonase (Invitrogen).

### Seedling Growth Inhibition Assay {#sec5.4.4}

Col-0, *bzr1-1D*, ~*pro*~*BZR1::BZR1-GFP* and ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* seeds were surface sterilized and were plated on MS plates with or without BL or BRZ and grown for 6 days in light or in dark after which the hypocotyl lengths were measured. Four-day-old seedlings of Col-0, *bzr1-1D*, ~*pro*~*BZR1::BZR1-GFP* and ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* were transferred to MS plates with or without BL or BRZ and grown for additional eight days before root length inhibition was measured. Col-0, *bzr1-1D*, seedlings were used as controls and two independent lines of each genotype were used in the seedling growth assays. At least 25 seedlings of each genotype per treatment were used for the experiment.

### Total RNA Extraction and Quantitative RT-PCR {#sec5.4.5}

Twelve-day-old seedlings of different genotypes were treated with BL (1μM) or BRZ (2 μM) along with mock (MS) and ground to a fine powder with mortar and pestle in liquid nitrogen. Spectrum™ Plant Total RNA kit (Sigma-Aldrich) was used to extract RNA following the manufacturer's recommendations. The RNA was quantified using NanoDrop™ 1000 Spectrophotometer (Thermo Scientific) and about one microgram of total RNA was used for cDNA synthesis after DNase treatment with Promega DNase I. cDNA synthesis was undertaken with Invitrogen SuperScript-II Reverse Transcriptase following manufacturer's guidelines.

Quantitative real-time PCR was conducted using Brilliant III Ultra-Fast SYBR QPCR master mix (Agilent) in conjunction with Rotor-Gene Q (QIAGEN) and analysis was undertaken with the software provided using comparative quantification methods. *ACTIN7* (*At5g09810*) was used as the house-keeping gene for normalization. The experiments were repeated three times.

### Immunoprecipitation and Co-immunoprecipitation Assay {#sec5.4.6}

*Arabidopsis* transgenic plants were used to extract total protein was isolated for IP using the extraction buffer containing 100mM Tris-HCl, pH 8.0, 0.1% \[w/v\] SDS, 0.5% \[w/v\] Sodium deoxycholate, 1% \[v/v\] glycerol, 50 mM sodium metabisulfite, 20 mM N-Ethylmaleimide (NEM) and protease inhibitor cocktail (Roche). Anti-GFP IP was performed. Total protein was incubated with 50 μL anti-GFP beads (Chromotek anti-GFP beads) and incubated on ice for 30 min. The beads were centrifuged down at 10,000 g for 1 min and washed three times with 1 mL of cold IP buffer. After the last wash 50 μL of pre-heated (95°C) 1 × SDS-loading buffer was used to elute the immuno-complex and analyzed on 10% SDS-PAGE using immunoblotting methods with Abcam (Cambridge, UK) anti-GFP and anti-SUMO1/2 antibodies generated against *At*SUMO1. The experiments were repeated at least three times.

*N. benthamiana* plants were infiltrated with respective constructs and total protein was isolated for co-IP using the extraction buffer containing 50 mM HEPES (pH7.5), 1 mM EDTA, 0.5% Trition-X 100, 1 mM DTT. Anti-GFP IP and anti-myc IP were performed. Total protein was incubated with 50 μL anti-GFP beads (Chromotek anti-GFP beads) and incubated on ice for 30 min. The beads were centrifuged down at 10,000 g for 1 min and washed three times with 1 mL of cold IP buffer. After the last wash 50 μL of pre-heated (95°C) 1 × SDS-loading buffer was used to elute the immuno-complex and analyzed on 10% SDS-PAGE using immunoblotting methods with Abcam (Cambridge, UK) anti-GFP and anti-HA antibodies. The experiments were repeated three times.

### Protein Extraction and Western Blot Analysis {#sec5.4.7}

Frozen plant tissue was ground to a fine powder with a chilled pestle and mortar. Protein extraction buffer (50 mM Tris/HCl, pH 8.5, 4% SDS, 2% β-mercaptoethanol, 10 mM EDTA) and protease inhibitor tablet was added 1:1 w/vol. The mixture was centrifuged at 12000 g at 4°C for 10 min. The protein concentration was determined using a Direct Detect TM Infra-red Spectrometer (EMD Millipore) and samples were equalized with the addition of extraction buffer. Protein loading dye (4x) was added and the samples were separated on polyacrylamide gels. The proteins were transferred to a polyvinylidene difluoride (PVDF) membrane and blocked with 5% semi-skimmed milk powder at room temperature and probed with the respective antibodies. Secondary horseradish peroxidase (HRP)-conjugated antibodies were applied before developing the blots with X-ray film using an automated developer.

### Confocal Microscopy, Quantification of Fluorescence Signal and Imaging {#sec5.4.8}

Confocal microscopy was performed by using a Zeiss 880 Airyscan system after propidium iodide staining. At least five roots were analyzed for each treatment in each experiment in three independent biological replicates. Four day old ~*pro*~*BZR1:BZR1-GFP* and ~*pro*~*BZR1::BZR1*^*2K/R*^*-GFP* seedlings were used for the study. Identical laser settings were used within the same experiment. Nuclei/Cytosol (N/C) ratios for BZR1-YFP and BZR1^2K/R^-GFP transgenics was calculated. For colocalization experiment, four-week-old *N. benthamiana* plants were infiltrated on the abaxial side of the leaf with infiltration media (10 mM MgCl~2~ and 150 μg/ml acetosyringone) and *Agrobacterium tumefaciens* bacteria suspended in infiltration media. Agrobacterium cultures were prepared following a published protocol. Agrobacterium harboring expression constructs were infiltrated at an OD600 of 0.1 into *N. benthamiana* 72 h prior to confocal imaging. Sections of N. *benthamiana* leaves transiently expressing BZR1-GFP, BZR1^2K/R^-GFP or GFP only and/or ULP1a-mCherry proteins were randomly sampled and mounted in water. Imaging was conducted with Zeiss LSM 880 laser scanning confocal microscope (LSCM) with Airyscan module. The excitation wavelength was 488 nm for GFP, and 594 nm for mCherry. Emission was detected using BP 495-550nm for GFP and LP 605nm filter for mCherry, airyscan processing was done using automatic Weiner filter settings.

Quantification and Statistical Analysis {#sec5.5}
---------------------------------------

All statistical analysis was performed using GraphPad Prism 6 software. One-way or Two-way ANOVAs with post hoc Turkey test were performed at a significance level of p \< 0.05 or p \< 0.01 or p \< 0.001. All root phenotype experiments had at least an n = 25-30 seedlings in each biological replication. Data are representing an average of three individual biological replicates.

Data and Code Availability {#sec5.6}
--------------------------

The published article includes all datasets generated or analyzed during this study.
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